The single supersonic free jet discharging from a nozzle or an orifice has been often employed in various industrial processes. A number of studies have been done on the major features (Mach disk, barrel shock wave and the jet boundary configuration) of the supersonic jets. In the present study, numerical computations were performed to investigate the effect of initial degree of supersaturation of moist air at reservoir condition on under-expanded jet structures and the total pressure loss behind the Mach disk. From these studies, it was found that the position of Mach disk in the under-expanded moist air jets was almost the same as that in dry air jets. However, the diameter of Mach disk increased slightly with an increase in the initial degree of supersaturation of moist air. Furthermore, the total pressure loss behind the Mach disk of moist air jet changed largely in comparison to that of dry air jet.
A Study on Characteristics of Under-Expanded Condensing Jet

Introduction
The supersonic free jet has long been received much interest from researchers since it has many potential applications for aeronautical and mechanical industries (1) - (5) , and it has also been of importance in academic aspects as well. Much effort has been devoted to the major characteristics of supersonic jets. According to these previous works, the under-expanded supersonic jet is specified by its barrel shock structure, Mach disk location, jet boundary configuration, velocity decay and supersonic length, etc., which are usually determined by the jet pressure ratios (5) - (13) . Especially, much work has been done to detail the Mach disk structure, since it is important in the determination of the major characteristics of supersonic jets (14) - (16) . Supersonic moist air jet technologies have been often applied to power plants and industrial manufacturing processes (9) , (10) , (17) . However, the major features like a Mach disk of the supersonic moist air jet are not well known to date even for its qualitative characteristics. A rapid expansion of moist air or steam in a supersonic nozzle gives rise to a non-equilibrium condensation. If the latent heat released by condensation exceeds a certain quantity, a condensation shock wave occurs in the flow field (18) , (19) . Such a non-equilibrium condensation may occur in the supersonic free jet. However, the detailed flow information for non-equilibrium condensation in the jet flow is not well known yet.
For the characteristics of the supersonic jet of multiphase flow, the effect of under-expanded gas-particle jet on the location of a normal shock wave was investigated experimentally (17) , (20) . Abramovich et al. (21) investigated the degree of dispersion and concentration of the condensate droplets in a vapor -air jet experimentally. Karyshev (22) clarified that in order to estimate the rate of nucleation and condensate mass fraction in supersonic vapor jet, the latent heat of condensation has to be considered accurately. However, he did not explain the structure of supersonic jet at all. Recently, Baek et al. (23) showed the effect of relative humidity on under-expanded supersonic jet structures, such as Mach disk location and diameter and barrel shock wave experimentally. It was found from the results that the Mach disk diameter and the location were significantly influenced by the relative humidity of moist air. However, they did not refer to the detail of condensation phenomenon in the under-expanded supersonic jet.
In the present study, a numerical simulation was con-ducted to investigate the effect of the initial degrees of supersaturation on the jet structure and condensation properties in the axi-symmetirc supersonic jet flow, and a comparison was made with the experimental results. Furthermore, variations of total pressure loss behind Mach disk were also clarified.
Nomenclature
g : condensate mass fraction D n : diameter at nozzle exit I : nucleation rate p : static pressure S 0 : initial degree of supersaturation x, y : spatial coordinates in Cartesian system ϕ : pressure ratio Subscripts 0 : stagnation state 0a : local state
CFD Analysis
1 Governing equations
Assumptions using in the present calculation of the two phase supersonic jet flow are as follows; Both velocity slip and temperature difference do not exist between condensate particles and gas mixture, and the effect of the condensate particles on pressure is neglected. The governing equations are the unsteady compressible NavierStokes equations and droplet growth equation (24) written in an axisymmetric coordinate system (x, y) (y: radial distance from the center line). The turbulence model used in this simulation is a modified k-R model (25) - (27) .
where U is the vector of conservative variables, E and F are inviscid flux vectors, and R and S are viscous flux vectors. H 1 , H 2 , and Q are the source term of axisymmetry, turbulence, and condensation, respectively. Rate equation of condensate mass fraction generated by homogeneous nucleation is written as
In Eq. (2), g and t is the condensate mass fraction and the time, respectively. ρ is the density. r c and I are critical droplet radius and nucleation rate per unit time and volume, respectively. Subscripts m and l refer to mixture and liquid, respectively. In the present simulation, I, r c , dr/dt, ρ l , surface tension, saturation vapor pressure of condensate droplet with a radius of r, latent heat and coefficients were given on referring to Refs. (24) and (28) . Validation of condensation model using these equations and quantities was shown in Ref. (29) .
To close the governing equations, a modified k-R model (25) - (27) is employed in computations. The turbulent kinetic energy and the undamped eddy viscosity are determined by the following transport equations.
where P k is the turbulent production modeled in terms of the Boussinesq concenpt:
The undampled eddy viscosity R (25) is given by
Here k is the turbulent kinetic energy and ε is its dissipation. In the above eqution, u i are the Cartesian mean velocity components; x i are the corresponding coordinates; µ l and µ t are the molecular and eddy viscosities, respectively.
In the present simulation, we introduce a limiter function (30) to suppress the instability in the region of Mach disk as
where C b is a limiting parameter determined by the empirical approach and
The eddy viscosity is given by
where the near-wall damping function f µ is given as
where
The governing equation systems that were nondimensionalized with reference values at the inlet conditions upstream of the nozzle were mapped from the physical plane into a computational plane of a general transform. A third-order TVD (Total Variation Diminishing) finite difference scheme with MUSCL (31) was used to discretize the spatial derivatives and a second order-central difference scheme for the viscous terms, and a secondorder fractional step was employed for time integration. Figure 1 shows computational grids of the flow field. The axisymmetric sonic nozzle with a straight part of 5.08 mm and a radius of curvature of R = 12.7 mm has a diameter of φD n = 12.7 mm (characteristic length) at the nozzle exit. The shape of the nozzle is the same as that used by Addy (16) . The number of grids is 70 × 60 in the region of nozzle and 400 × 120 in the region downstream of the nozzle exit.
2 Computational grids and conditions
Moist air as working gas was issued from the nozzle exit. The pressure ratio which means the ratio of the reservoir pressure p 0 (atmospheric pressure) and back pressure p b , is denoted by ϕ (= p 0 /p b ). In the present study, the range of ϕ is from 3.8 to 8.3. The range of the initial degree of supersaturation S 0 (ratio of vapor pressure to the equilibrium saturation pressure corresponding to the stagnation temperature) is from 0 to 0.7 for both cases. Total temperature T 0 and total pressure p 0 in the reservoir are 298.15 K and 101.3 kPa, respectively.
Inlet boundary was fixed, and exit boundary was constrained with free boundary condition. No-slip and adiabatic wall conditions were applied at the solid body. The pressure at the wall was obtained from zero normal pressure gradient on the body surface. An axial symmetry condition was applied at the nozzle centerline. Condensate mass fraction was set at g = 0 on the wall. 
Experimental Apparatus and Method
Experiments were conducted in order to verify the validity of calculated results. A supersonic indraft wind tunnel (32) where moist air at atmospheric pressure was drawn into a vacuum tank, was used in the present experiment. Test section is a rectangular box which has a length of 553 mm, a width of 126 mm, and height of 126 mm. An axisymmetric nozzle was set at the end of upper stream in the box. The reservoir pressure p 0 and back pressure p b are the same as computational ones. The range of ϕ is from 3.6 to 6.4. Values of the initial degree of supersaturation S 0 are 0.15 (this seems to be dry air), 0.4 and 0.7. The flow field was also investigated by a schlieren optical method.
Results and Discussions
1 Comparison with experimental results
Figures 2 and 3 show comparisons of contour maps of density obtained by calculation with schlieren photographs for ϕ = 3.8 and 6.2, respectively. For the applied pressure ratios, the jet is under-expanded at the nozzle exit. Results for dry air and S 0 = 0.7 are also shown in each figure. As seen from these figures, the flow structures obtained by simulation are similar to experimental results and the validity of the present simulation is confirmed by comparison with the experiments. In Fig. 2 (a) , an oblique shock wave is observed in the flow field. In case of non-equilibrium condensation (Fig. 2 (b) ), density gradient in Prandtl-Meyer expansion fan is slightly changed in comparison with the case of dry air ( Fig. 2 (a) ) due to the latent heat released by the homogeneous condensation. Furthermore, Mach disk appears at the position x/D n = 1.16. However, there is little change in the distance P from the nozzle exit for cases of dry air and S 0 = 0.7. In Fig. 3 (b) , density gradients in Prandtl-Meyer expansion fan are slightly changed in comparison with the case of no condensation (Fig. 3 (a) ) due to the latent heat released by the non-equilibrium condensation. Furthermore, there is also not much change in the position of Mach disk as the case of ϕ = 3.8 (Fig. 2) . However, the Mach disk is curved and its diameter becomes larger with an increase of S 0 . This reason will be represented later. Figure 4 (a) and (b) shows time histories of static pressure on the nozzle center line obtained by simulations in cases of S 0 = 0 (dry air) and 0.7, respectively (ϕ = 3.8). The abscissa is the distance x measured from the nozzle exit divided by the diameter D n . As seen from Fig. 4 (a) , the position of P changes with a time. However, in Fig. 4 (b) , an increase of static pressure is observed in the range close to the nozzle exit and the variation of the position P is small compared with that in Fig. 4 (a) . This is considered that energy of turbulent fluctuations is reduced due to relaxation processes of evaporation and condensation of vapor molecules on small droplet surface (33) . Figure 5 shows distributions of power spectrum density obtained from static pressure at two positions (a) and (b) downstream of the nozzle exit (ϕ = 3.8, y/D n = 0.5). Distributions for cases of S 0 = 0 and 0.7 are shown in this figure. It is found that in case of S 0 = 0.7, power spectrum density decreases for parts of low and high frequencies at x/D n = 1.6. This shows that the occurrence of the nonequilibrium condensation enable one to reduce the noise level of supersonic jet. Figure 6 (a) and (b) shows distributions of nucleation rate and condensate mass fraction on the nozzle center line for S 0 = 0.7 in case of ϕ = 3.8, respectively. In Fig. 6 (a) , the condensate nuclei begin to generate from the region upstream of the nozzle exit. The condensate mass fraction begins to increase rapidly in Prandtl-Meyer expansion fan and jet boundary (Fig. 6 (b) ). For case of ϕ = 6.2, the change of the nucleation rate and the condensate mass fraction was almost similar to those in case of ϕ = 3.8. Figure 7 shows distributions of static pressure, condensate mass fraction and nucleation rate on the nozzle center line corresponding to result of Fig. 2 (b) . A static pressure distribution for S 0 = 0 (thin broken line) is also shown for reference. As seen from this figure, the nucleation rate begins to increase from upstream of the nozzle exit and reaches the maximum at onset of condensation (position O). The condensate mass fraction begins to increase at the onset of condensation. For case of ϕ = 6.2, the distributions of static pressure, condensate mass fraction and nucleation rate was almost similar to those in case of ϕ = 3.8. Figure 8 shows the Mach disk diameter (D md ) and the distance (L md ) from nozzle exit corresponding to each pressure ratio. Results obtained from experiments of Addy (16) are also shown for reference. As seen from this figure, it seems that the Mach disk location and diameter in the supersonic jet are strong function of the jet pressure ratios. Furthermore, for each pressure ratio, variation in the initial degree of supersaturation does not influence the Mach disk location. However, the Mach disk diameter increases with S 0 . Figure 9 shows configurations of jet boundary and barrel shock for S 0 = 0, 0.4 and 0.7 in case of ϕ = 6.2. The locations of jet boundary and barrel shock were defined with the greatest value of density gradient (dρ/dy) on an arbitrary cross section normal to x-axis. The present data obviously show a trend of the supersonic moist air jet, relative to supersonic dry air jet and the jet is expanded outward with S 0 . Figure 10 (a) demonstrates the stream lines for S 0 = 0 and 0.7 in case of ϕ = 3.8, while Fig. 10 (b) shows distributions of the static pressure and condensate mass fraction on the outer edge of boundary layer (line AB in Fig. 10 (a) ) and on center line of the nozzle for S 0 = 0.7. Distributions of static pressure in case of S 0 = 0 are also shown in Fig. 10 (b) for reference. A dotted line in Fig. 10 (a) shows the onset of condensation.
2 Effect of non-equilibrium condensation on physical properties
3 Effect of non-equilibrium condensation on configuration of Mach disk
As seen from Fig. 10 (a) , a stream line close to the corner of the nozzle exit for S 0 = 0.7 turns largely through Prandtl-Meyer expansion fan in comparison with the case of S 0 = 0. The condensate mass fraction on the outer edge begins to increase rapidly at upstream compared with that on the nozzle centerline ( Fig. 10 (b) ). The static pressure is also similar to the change of the condensate mass fraction. This fact means that an increase of the static pressure due to the non-equilibrium condensation causes strong expansion to adjust the pressure in the expansion fan to the back pressure. As a result, the stream line close to the corner are deformed outward, and the diameter of the Mach disk increases as shown in Fig. 2 (b) . For case of ϕ = 6.2, variations of the stream lines showed a similar tendency to those in case of ϕ = 3.8 and the diameter of the Mach disk increases as shown in Fig. 3 . Figure 11 .2, respectively. The total pressure can be obtained as the sum of entropy of air, vapor and droplet (34) . The positions on the nozzle center line for ϕ = 3.8 and 6.2 are set at x/D n = 1.6 and 2.0, respectively.
4 Effect of non-equilibrium condensation on total pressure loss
For S 0 = 0.7 ( Fig. 11 (a) ), the non-equilibrium condensation occurs and the Mach disk appears in the flow field as shown in Fig. 2 . As a result, the total pressure loss becomes large for 0 ≤ y/D n ≤ 0.4 compared with the case of S 0 = 0. However, in case of S 0 = 0.7, the total pressure loss becomes smaller than that of S 0 = 0 in the range of 0 ≤ y/D n ≤ 0.24 ( radius of Mach disk) in Fig. 11 (b) . This is considered that reduction of Mach number due to the non-equilibrium condensation cause the decrease of the loss due to the shock wave.
Conclusions
In the present study, a numerical simulation was conducted to investigate the effect of the initial degrees of supersaturation on the characteristics of the axi-symmetirc supersonic jet flow field. The results obtained are summarized as follows:
( 1 ) The occurrence of the non-equilibrium condensation affected the configuration of shock wave reflection and Mach disk.
( 2 ) The position of Mach disk in the under-expanded moist air jet was almost the same as that in dry air jet, and the diameter of Mach disk increased with the initial degree of supersaturation.
( 3 ) The stream lines close to the corner at the nozzle exit in case with non-equilibrium condensation were deformed outward after passing through the expansion wave compared with those in case of no condensation.
( 4 ) There is a possibility that the occurrence of the non-equilibrium condensation in the supersonic jet may reduce jet noise level.
( 5 ) Degree of effect of the initial degree of supersaturation on the total pressure loss behind the Mach disk depended on the nozzle pressure ratio.
